During a post-installation inspection of a polyester and chain mooring system in water depths of approximately 6,000 ft, evidence of microbiologically influenced corrosion (MIC) was found in the form of rust tubercles known as rusticles. These porous concretions commonly form on submerged steel shipwrecks and provide evidence that subsea corrosion occurs in a hypoxic environment. Iron and sulfate-reducing bacteria cause corrosion in marine environments. This paper will discuss one form of MIC found on submerged steel structures, analyze the ambient conditions required for MIC to occur, and compare rusticles found during the mooring inspection to those found on other subsea shipwrecks such as the RMS Titanic. An analysis of the type of iron used in mooring chains and the rate of rusticle formation will be presented. Possible remedies to prevent rusticle growth on mooring chains will be summarized.
INTRODUCTION
In March of 2010, the post-installation inspection of a mooring system was performed at Mississippi Canyon Block 736 (MC-736), in 6000 feet of seawater. Via ROV camera, the inspectors viewed evidence of subsea marine corrosion in the form of icicle-like structures ("rusticles"). Common in subsea archaeological sites such as the Titanic, rusticles show that corrosion occurs at depths where some consider dissolved oxygen content to be negligible. In some areas of the world (i.e. Tongue of the Ocean), the dissolved oxygen content at depth is greater than that observed at the surface; something not commonly believed by mooring system designers.
Rusticles have formed on mooring chains for many years; however, the literature is scarce about their influence on mooring system performance. This paper will discuss possible impacts of rusticles on mooring design. In addition, it will describe the formation of rusticles, typical compositions, and what impact their presence may have in subsea mooring applications. Findings in this work will apply to all deepwater polyester and chain mooring systems and the chain components of wire rope and chain mooring systems for both MODU and Permanent deepwater offshore installations.
BACKGROUND
Since the first floating platform was installed in the Gulf of Mexico (GOM) in the early 1960's, floating structure mooring systems have evolved greatly. Chain and wire rope systems have given way to synthetic fiber rope designs. Because of stiffness and fatigue properties, fiber availability, and manufacturer familiarity with the material, polyester fiber ropes quickly emerged as the preferred synthetic rope alternative to wire. Additional performance advantages over wire include:
 lower weight  reduced fairlead loads  greater system compliance  better corrosion properties  better tension fatigue characteristics  inspection ease (subsea visibility)  greater range of installation vessels Examples of polyester rope use in mooring offshore platforms have become more common in the literature [1] [2] [3] .
Recently, several standards have been established by various organizations to help mooring system designers, rope manufacturers, and end users understand how to design, test, and use polyester mooring systems [4] [5] [6] [7] [8] [9] [10] . 45678910 Other synthetic fibers are also gaining acceptance in mooring systems [11] [12] . 12 However, guidance notes for the Bureau of Ocean Energy Management, (BOEM) require that synthetic mooring systems be treated as "New Technology" in the Gulf of Mexico [13] . Consequently, they must be regularly inspected and reports submitted to the BOEM to assure mooring system integrity and continued safe operation. As long as BOEM considers polyester mooring systems a "new technology," ongoing inspection costs should be considered in the economic analysis of mooring options.
Mooring chain applications have long been designed using a corrosion allowance that is adequate for the predicted corrosion in the splash zone for the service life of the system. To conservatively design the system and for reduced risk, some designers use the same corrosion allowance for the entire system. Because of elevated dissolved oxygen levels at depths approaching 6000 feet (1800m), microbiologically influenced corrosion (MIC) occurs. This type of corrosion exists on various archaeological shipwreck sites and confirms that corrosion is occurring in a hypoxic environment. Under certain conditions, it is possible for the corrosion rate at depth to exceed that of the splash zone. Mooring designers should exercise caution when selecting corrosion allowances for their systems. 
PLATFORM DETAILS
In 2009, a floating production unit was installed in approximately 1800m (6,000ft) water at Mississippi Canyon Block 736 (MC-736). The mooring system was composed of 12 mooring legs leaving the platform in a quasi-north-southeast-west orientation as shown in Figure 1 above.
The mooring design is a taut-leg system. Each mooring leg contains:
 65.5m (215ft) long, 2.14m (7ft) diameter driven pile  33.5m (110ft) of 133mm (5-1/4in) 1,993mT (4,393kip) R5 VGW studless anchor chain  243.8m (800ft) of 127mm (5in) 1,835mT (4,046kip) R5 VGW studless ground chain  Two segments of 1,289m (4,230ft) long, 254mm (10in) diameter 1930mT (4,254kip) Gamma 98® polyester rope  243.8m (800ft) of 133mm (5-1/4in) 1,993mT (4,393kip) R5 VGW studless chain. The combined wet weight of all mooring components is approximately 1,984 tonnes (4,375 kips). Rope and chain segments were connected using a ball-grab (Figure 2 ) or h-link connector ( Figure 3 ) appropriately sized to exceed the strength of the mooring rope. In March 2010, the first quinquennial (every 5 years) inspection by remotely operated vehicle (Figure 4) occurred. To get a 360 degree view, the ROV flew both sides of each mooring leg while normal to the axis of the mooring line to observe the amount of twist in the mooring chains and ropes. It also made it possible to see any damage to the cover, splice area, or eye of the mooring ropes. By the end of the inspection, nearly 64.4km (40 miles) of rope and chain were observed. Overall, the mooring system was in good condition. No twist and virtually no damage to the rope jacket or splice area were noted. The hardware on the h-links was intact and properly secured (see Figure 5 ). Upper levels of the mooring system had signs of both hard and soft marine growth to depths of approximately 300m (984ft). Steel catenary risers, vortex induced vibration (VIV) strakes, and platform anodes were also observed during the inspection (see Figure 6 ). Anodes showed minimal signs of activity.
Among the observations made during the inspection, unusual rusticles had formed on the lower portion of the mooring chain near the seabed. The word "rusticle" is a term coined by Robert Ballard, the discoverer of the RMS Titanic shipwreck. It stems from the rust-colored icicles hanging from the ship. Rusticle references abound in subsea archaeological literature [14] [15] [16] [17] . Maximum rusticle length estimated at 9 inches (230mm). Examining photos of rusticles seen during the mooring inspection one asks several questions:
 How do rusticles form?  What are they made of?  What types of bacteria cause them to form?  What metallurgy is required for rusticle growth?  How quickly do they grow?  What does their formation do to the substrate?  How can they be prevented?
The remainder of this paper will be devoted to the answers of these questions.
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DEEP WATER ENVIRONMENT
In order to fully understand what is happening at depth, one must first appreciate the ambient conditions of the mooring components. Extensive research has been performed on the conditions at depths approaching 2,100m (6,890ft) seawater [17] . This information is summarized in Figure 9 . Dissolved oxygen content at 1800m (5,905ft) is approximately 1.85mL/L (4.22floz/gal). Ambient temperature at this depth is just a few degrees above freezing. The pH of water is near 7.8 and the salinity of water at this depth is almost 34.6 parts per thousand. Ambient pressure is approximately 202bar (2,939psi), creating a perfect environment for the formation of rusticles. Although this data is for the Pacific Ocean, it will be comparable to the conditions found in the GOM. According to Reinhart, corrosion rates for steel submerged in seawater are directly proportional to the dissolved oxygen content in the water. Figure 10 shows the corrosion rates of steel as a function of dissolved oxygen after 1 year of exposure. It is apparent that the higher the dissolved oxygen content, the faster the rate of corrosion. The corrosion rate at the surface is the governing rate for purposes of corrosion allowance design. 
FORMATION OF RUSTICLES
All natural environments have microbiological activity. Various types of microbes exist including bacteria. Some varieties of bacteria are known as sulfate reducing bacteria (SRB), or iron oxidizing bacteria (IOB), which attack steel removing the low quantities of sulphur or iron from the lattice structure. A common feature of IOB activity is the formation of biofilms. Significant research has been performed on the formation of biofilm corrosion on submerged steel [17] .18Much of this investigation was related to fresh and saltwater environments because of the steel's common usage in mining and over-the-water shipping applications [18] [19] [20] .
192021 . Figure 11 . Biofilm corrosion mechanism of action on steel in sea water [21] . 22 The formation of a biofilm is represented above in Figure  11 [21] .22In water depths approaching 1,800m (6,000ft), the film is not typically continuous. This biofilm protects surface defects where iron escapes from the steel through anaerobic corrosion. The lack of oxygen at the surface imperfection creates a galvanic cell because the material is contiguous. Dissolved oxygen in the water combines with the iron ions and form iron-oxide (rust). Rust molecules are arranged into a random lattice structure with ferric oxyhydroxides on the outer surface and goethite on the inside. A micro view of this structure is shown in Figure 12 and a macro view is shown in Figure 13 and Figure 14 [19, 21] . 23 A pioneer in characterizing the corrosion of submerged steel, Robert Melchers from the University of Newcastle, Australia, has carefully documented his findings in a variety of journal articles and conference proceedings [23, 26] . His model takes many of the corrosion studies performed over the years and brings them into one model with five phases. Each phase is represented in Figure 15 . In the first phase (phase 0), the steel surface is colonized by bacteria and other microorganisms. In phase 1, oxidation is controlled by the rate of oxygen transfer from the water. The next phase exhibits slower corrosion as the corrosion products inhibit the rate of oxygen diffusion and the formation of iron oxide. In phase 3, SRB thrive because of ample nutrient supply and the corrosion curve is once again quite steep. Finally, phase 4 corrosion is the steady state condition where the metabolism of SRB and loss of rust through erosion and wear occur. The primary factor in the rate of corrosion is water temperature (see Figure 16 ) [26] . Dissolved oxygen, pH, salinity, water depth, nutrient content, and water velocity also contribute to the corrosion rate [22] . 
COMPOSITION OF RUSTICLES
In the literature, there are examples of rusticle collection and composition. Rusticles aboard the RMS Titanic are reported to be composed of 20-35% iron [17] . Extraction rates are reportedly from "1-20% of the iron available in the steel [17] ." Typically, rusticles are composed primarily of iron, though the literature has an example of on that was mostly aluminum [14] . Quantity of other elements vary, but can include calcium, magnesium, sodium, silicon, and other trace elements. Some rusticles, such as those on the RMS Titanic, contained debris stirred up during impact with the seabed.
Rusticles have been observed in both reddish-brown (i.e. rust colored) and white. Coloring of rusticles is controlled by the dominant element in their composition. Iron rusticles have the reddish brown coloration while aluminum rusticles are white in color.
In Ref [14] , several shipwrecks in the GOM and one in the Mediterranean Sea (MS) were explored. Rusticles were retrieved from the DKM U-166 (GOM), HMHS Brittanic (MS), and SS Robert E. Lee (GOM) and examined gravimetrically for element composition. The findings for each of the vessels are summarized in Tables 1-3 Iron, calcium, magnesium, silicon and sodium were the dominant constituents for the DKM U-166 rusticles. The HMHS Britannic rusticles had significant levels of iron, sodium, silicon, magnesium, and calcium. The differences in significant elements are attributed primarily to the metallurgical properties of the different steels in each vessel. Aluminum rusticles also exist as shown in Table 3 . Additional examples of rusticle compositions found on deepwater shipwrecks in United States coastal waters exist [23] . 25 These rusticles were harvested from the SS Virginia and the SS Halo shipwrecks. Their gravimetric analyses are found below in Table 4 and Table 5 . Iron, sodium, and calcium were the dominant components in the rusticles retrieved from the Virginia. Various other trace elements are present. Table 5 contains composition data for rusticles recovered from the Halo vessel in the Gulf of Mexico. The main constituents in these rusticles were Iron and Sodium with various other contributors. 
TYPES OF BACTERIA CAUSING RUSTICLES
Rusticles result from consortia of bacteria forming on a substrate in seawater. Frankel and associates have stated that: "Associated with rusticles are microbial consortiums of over twenty species including iron-oxidizing and sulfatereducing bacteria. This suggests that rusticles contain a number of micro-environments from oxic to anaerobic. SEM studies show heavily mineralized bacteria organized in chains (recall Figure 12) . From sequential observations over a number of years, it has been estimated that the rusticle formation rate (on the RMS Titanic) is about 1 ton per year over the ship."
METALLURGY
The RMS Titanic steel composition, and several other steel samples are compared to the steel composition of the mooring chain in Table 6 below. The carbon and Manganese contents are comparable for the RMS Titanic hull plate and the modern mooring chain. Trace elements are considerably less. The sulfur content of the mooring chain is considerably less than that used for the RMS Titanic. Foecke implied in his research that the manganese-sulfur ratio had an influence on the corrosion rate of the steel.
Structural properties of the steels in question are also of interest. The steel used in the RMS Titanic was a much lower grade in terms of strength than modern steel used for mooring chains. Table 7 . Physical properties of steel from the RMS Titanic, common steel, and Mooring Chain [25] . The modern forging techniques make the strength properties of the steel much greater than those available to the builders of the RMS Titanic. Strength requirements for plate steel used in the hull of a ship are much less that those for structural chain used to moor a modern floating production unit. The elongation of the plate steel is higher as well, which gives the ship more pliability during typical stresses induced during the trans-Atlantic voyage. The reduction in area is greater for the mooring chain than for the other steels.
RMS Titanic
RATE OF GROWTH
Understanding the rate of corrosion for the steel chain would make life-cycle predictions possible. Recall that Figure  16 shows the rate of corrosion for steel in various temperatures of seawater [23] . This chart clearly shows that the time required to get to phase 3 in the corrosion cycle can vary anywhere from 9.6 to 54 months. Temperature dependence of corrosion explains why corrosion on the RMS Titanic (in 1°C water) could take nearly 100 years to form giant rusticles while the platform (in ~4°C water) mooring chain could form small rusticles during the first year of deployment.
IMPACT ON SUBSTRATE
At the center of the rusticle connection point, steel is eroded by the SRB. As illustrated previously in Figure 11 , the biofilm forms around surface imperfections. This establishes a galvanic cell where iron atoms are extracted from the metal. Three basic chemical reactions are occurring:
Entropy prevails; the iron goes from the manmade form (i.e. formed steel) to its more common mineral form (i.e. iron ore). Over time, the material removed from this transfer of atoms can become quite deep (up to 2.6mm in 4.2 years) [25] . 27 Photographic examples of this phenomenon are shown in Figure 17 and Figure 18 [26] . 28 Figure 17 . Small early tubercle formed on submerged steel [27] . Figure 18 . Steel surface after tubercle is removed [27] .
RUSTICLE PREVENTION
Several practices are in place for protecting sea-waterimmersed-steel from corrosion. Perhaps the most common, and one of the most effective: using a protective coating of some type (i.e. hot dip galvanized coating, aluminum flake clad steel, epoxy coating system, etc.). Protection in this fashion is effective and can increase the corrosion life cycle of a mooring component many times. Care during installation is required to prevent scraping or damaging the coating system, thus rendering it ineffective.
In addition to adequate coating systems which protect the steel, the mooring chain and h-links can be cleaned with a water jet to remove the biofilm and retard the decay of the system. The film will reform given ample time, so this method is less effective than those previously listed are. The authors also believe that cathodic protection would be an effective measure that could be implemented to justify reduction in corrosion allowance on mooring chain and save mooring system weight.
CONCLUSIONS
While inspecting the mooring system of a floating platform in 2010, evidence of corrosion was observed in the form of rusticles. Rusticles form on submerged steel structures when dissolved oxygen content is at specific low levels and indicate that anaerobic degradation of the steel by SRB and IOB is occurring. The presence of rusticles is evidence of corrosion processes occurring even at depth in low oxygen environments. Typically composed mostly of iron, rusticles contain many other trace elements and form in the presence of complex microbial consortia. Gravimetric results would be comparable to those in Table 1 -2 and 4-5 if rusticles from the platform and other GOM mooring systems were examined. Future inspections of the platform mooring may include rusticle recovery and testing. Further investigation is needed to better describe the rate of corrosion, what measures may be employed to mitigate its effects, and before reduction of corrosion allowances can be justified.
Because there is low dissolved oxygen content in seawater at depth, there are proponents in the industry pushing for reduced corrosion allowances as a cost saving weight reduction measure. It is the opinion of the authors that current industry accepted corrosion allowances should be maintained as rusticle presence provides significant evidence that corrosion still occurs in a hypoxic environment. Platform mooring designers provided a conservative corrosion allowance even on mooring chains installed at depth. It is the authors' opinion that current industry standard corrosion allowances should not be removed or reduced for steel chain or wire at depth until the corrosion processes in low oxygen environments are better understood and quantified.
